Abstract. As part of a larger study on spatial variability of land surface processes, the authors explore the sensitivity of land surface modules for climate models to the method of simulating the unsaturated subsurface flows. By examining the behavior of a number of different subsurface modules, it is shown that the surface fluxes, and consequently the water balance throughout the year, vary widely for different simulations of subsurface conditions. Typical results are presented for a specified climates and soil types. In order to reduce the complexity and computation time for the subsequent sensitivity studies, it is shown that a linearized module displays the range of behavior expected in practice. For given forcing functions of precipitation and potential evaporation, varying the depth of the modelled soil layer and changing the lower boundary conditions greatly influence the annual values of the components of the water balance. Monte Carlo simulations are used to demonstrate that spatial variation in soil properties produces large variation in runoff and compensating variations in deep drainage with a much smaller variation in evaporation. Finally, it is shown that for a given coefficient of variation in soil scaling properties, the effect on the effective large-scale sorptivity is insensitive to the type of statistical distribution used to describe the variation.
Introduction
This paper is concerned with the effects of the choice of soil moisture modelling assumptions and of the spatial variability of soil properties on elements of the water balance at both point and catchment scales and, in particular, on the moisture fluxes of infiltration and evaporation at the land surface in climate models. The soil moisture is the prime factor in switching the control of surface fluxes from the soil to the atmosphere and vice versa [Wang and Dooge, 1994] , and consequently the modelling of soil moisture and its spatial variation is critical for water balance calculations. It has long been known that the variability of soil properties at point and fields scales is considerable, even for a supposedly uniform soil [Beckett and Webster, 1971; Nielsen and Bouma, 1985] , but the effect at catchment scale remains a topic for investigation.
From the point of view of the hydrologist, the key test of any macroscale model is its ability to predict the amount and distribution of actual evapotranspiration. Such objective comparisons of climate models which do exist show wide variations between their predictions even for standard conditions. The following strategy is proposed for dealing with this problem: (1) Identify the land surface modules in climate models which are able to simulate the greatest range of variation in actual evapotranspiration found in these objective comparisons; (2) identify the most sensitive and least sensitive parameters of these modules; and (3) examine the sensitivity of the most significant parameters to spatial variability.
The approach used here is to simplify the problem by finding the most significant factors and neglecting the variables and parameters of lesser sensitivity. The main objective is to assess the broad effect of modelling assumptions and of soil variability on the macroscale water balance and to suggest simple 
Context of the Present Study
The study reported here was undertaken as part of a research project on spatial variability of land surface processes (SLAPS) under the EPOCH Programme of the European Union. The project was aimed at bridging the gap between climate models that simulate land surface processes at a general circulation model (GCM) scale (10 s m) and hydrologic models that simulate the same processes in more detail at a local scale (down to 1 m). The details of the individual GCMs, the methodology of the main intercomparison studies, and of the individual supplementary studies are described in the final project report [Dooge et al., 1993] and summarized in a paper presented to the European Union Copenhagen Symposium on Climate Change and Impacts [Dooge, 1993] .
An important feature of the project was a carefully planned objective comparison of the one-dimensional versions of the nine numerical models involved under prescribed standard surface and soil conditions and standard forcing inputs from the U. K. Meteorological Office single-column model [Dooge, 1993, p. 646] . The comparison covered a range of conditions, including two different climate types (humid and semiarid), two types of soils (Castelnau loam and Lubbon sand), and two types of land cover (bare soil and pasture). These were tested in all eight possible combinations over a simulation period of 1 year, with a 1-year run-in for initializing the soil moisture levels and an output time step of 30 min.
In all cases the annual estimates for actual evaporation differed widely between the models. For example, Table 1 shows the estimated actual evaporation given by seven models for the test year for bare soil and a humid climate [Dooge, 1993, 
Variety in Soil Modules
The key problem in linking climate models to hydrologic models is the reduction of the potential evaporation predicted by the climate model to a reliable estimate of actual evaporation through the agency of the hydrologic model. The key element in this reduction process is the simulation of the mois- Table 2 shows the various combinations of features in the individual models used in the basic intercomparison for a bare soil surface [Dooge, 1993] . This first step in the study was an investigation as to whether the variations in depth of soil and nature of lower boundary condition in Table 2 
Results for the Linearized Equations
A flexible, one-dimensional, linearized, formulation of the Richards' equation for unsaturated flow in a porous medium [Philip, 1966] 
where h (0) is matric potential. Equation (1) Three different lower boundary conditions for the soil column were investigated: (1) no flow, (2) free drainage, and (3) a saturated soil (i.e., approximating a water table). The analytical solution of the linearized equation indicates that the memory length of the soil module is directly proportional to the depth of the soil column for the free drainage case. This was confirmed by numerical simulation which showed that for certain soils, the "usual" 1 year running-in period for the model was inadequate to establish appropriate starting conditions for the intercomparison. All subsequent results reported here are thus based on a 5-year run-in period to avoid any problems with initial conditions. The numerical model was used to explore the effect of the depth of the soil column and the lower boundary condition used in the different models (see Table 2 ) on the elements of the water balance for a loam soil in a humid climate. The results, shown in Table 3 , show a variation in actual evaporation greater than the variation between the different models of Table 2 . It can be seen from Table 3 that (as yet) for preferring any particular model from Table 2 over the others, the initial studies on the effect of spatial variability were carried out using the linearized model with its substantial computational advantages.
Effect of Spatial Variability in Soil Properties
Having verified that the linearized Richards' equation could simulate the range of variation in actual evaporation, the same simplified model was adapted for studying scaling effects. Even for such a simplified model there are two physical properties (conductivity and diffusivity) where variation has to be taken into account.
The analysis of the spatial variability of soil properties and the upscaling of water fluxes from microscale to macroscale is greatly assisted by the concept of soil similarity introduced by Miller [1955, 1956] . This is based on the hypothesis that the bulk of the variation in soil properties is due to geometrical scaling and that soils of a given type at neighboring locations differ only in some characteristic length scale The basis of the approach is outlined in Appendix A together with the resulting scaling, in terms of the characteristic length A, of the local soil properties (soil moisture potential (h), hydraulic conductivity (K), and hydraulic diffusivity (D)) and also the field scale parameters (sorptivity (S) and ultimate rate of infiltration (Ko)) for the linearized Richard's equation.
Accepting that the linearized Richards' equation can span the variations in actual evaporation revealed by the SLAPS intercomparison, it is used as the basis of a first approach to linking point scales to catchment scales. This is first done by using the one-dimensional single-column solution to explore the effect on the overall water balance of variation of parameters between members of an assemblage of single soil columns. The limitations of the one-dimensional approach are then examined by contrasting this case of noninteracting vertical columns, which corresponds to zero lateral conductivity, with the case of infinite lateral conductivity, which can also be postulated as a one-dimensional problem and solved in terms of moisture potential [Dooge, 1995] . Finally, the lack of sensitivity to the exact form of the spatial variability is demonstrated.
Here, the Miller and Miller scaling factor (X) is used as the basis for a Monte Carlo numerical experiment investigating the effect on elements of the long-term water balance of spatial variability of 1000 independent soil columns of specified depth. A separate value of the scaling factor, X, was generated for each soil column using a random number generator. This value was used to scale the hydraulic conductivity/moisture content relationship and the diffusivity by multiplying the base values for that soil by X 2 and ,L respectively, as indicated by Appendix Table 4 ). For higher values of CV the major changes occur in the balance between runoff and drainage, with evaporation not changing by as much (Table 4 ). The resulting distribution of the annual runoff total is positively skewed while that of deep drainage is negatively skewed.
A (equations (AS) and (A6)). Each soil column is

Effect of Type of Distribution
The usual approach to dealing with spatial variability of soil properties is to estimate fluxes for each of an assemblage of vertical columns, each with a different value of •, and then to average these over the area of interest. For any theoretical solution of Richard's equation the effect of the spatial variability on each parameter of the infiltration equation can be expressed as the ratio of the expected value of the parameter to the value based on the mean value of the basic soil parameter X over the same area. In the present study the basic variation is taken as a gamma distribution and the soil module is taken as the simplest case of constant hydraulic conductivity and constant diffusivity [Dooge, 1995] . For this simple case the infiltration is given by shown to be relatively insensitive to the statistical distribution used. For instance the scaling ratio for a uniform distribution of X is shown in the second column of 
E[S(X)]
= + cv)3/8
which is shown in the fourth column of Table 5 . Since field data for soil spatial variability indicate a unimodal distribution close to the gamma distribution, the sensitivity to type of distribution can be ignored in the early stages of model development.
Effect of Horizontal Conductivity
These numerical experiments based on independent vertical columns are open to the serious objection that the neglect of horizontal flows makes the approach quite unrealistic. The sensitivity of the results to horizontal flow (i.e., between columns) is briefly summarized in this section. The results of previous sections are based on the assumption of zero horizontal conductivity, that is, no flow between columns. For the contrasting case of infinite horizontal conductivity, no gradient of moisture potential can be sustained, and it can be shown that the flux problem for the assemblage of columns of varying X can be postulated and solved as a one-dimensional problem in moisture potential involving constant conductivity and constant specific water capacity [Dooge, 1995] . The moisture content at a given depth will vary from column to column and the initial condition needs careful handling. However, the result is simple since it can be shown that
and it is thus independent of the distribution used. The results for some given values of CV are shown in the fifth column of Table 5 . Equation (8) is thus an exact scaling factor for sorptivity in the case of infinite horizontal conductivity. For both limiting cases the scaling factor for the ultimate rate of infiltration, K0, in equation (4) 
A comparison between columns three and five of Table 5 suggests that a good approximation for upscaling is obtained by applying the scaling given by (9) to both terms on the righthand side of (4).
Conclusions
The current wide variation in the estimates of moisture fluxes at the land surface in linked atmosphere land climate models needs to be reduced in order to improve the usefulness of such models. This paper has shown the following for a linearized soil module:
1. The variation in the parameters of a linearized soil module, between limits customarily used, produces variations in actual evaporation of comparable magnitude to the variation between the values estimated by different models used in the objective comparison test of the SLAPS program (Tables 1 and  3). 2. For shallow soils the surface flux estimates are very sensitive to the choice of lower boundary condition for the soil column (Table 3) .
3. For all conditions tested the no-flow boundary condition, which is closest to the bucket-type assumptions, did not exhibit the full range of possible variation in evaporation (Table 3).
4. Actual evaporation is not as sensitive to spatial variability in soil properties as either surface runoff or drainage. The main effect of variability is in the splitting of the water balance between surface runoff and drainage (Table 4) .
5. The effective field-scale sorptivity is only slightly sensitive to the type of distribution used to characterize the Miller and Miller scale parameter (X) and to the degree of horizontal moisture movement (Table 5) . Consequently, for all cases we can accept (9) as a close upper bound on an upscaling factor for the field sorptivity.
6. The effect of the type of probability distribution chosen for the Miller and Miller [1956] scale parameter (X) does not effect the ultimate rate of infiltration at field scale, which depends only on the mean value and the variance of X (equation (9)). Combined with the previous conclusion, this means that the total infiltration as defined by (4) can be upscaled by (9). 7. Taken together, these results indicate that the sensitivities of water balance simulation to various forms of spatial variability within the grid scale (Tables 3, 4 
where/x is the dynamic viscosity of the fluid, •, is the weight density of the fluid, and the functional F 2 is the same for
